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We investigate the exciton emission in 3,4,9,10-perylene tetracarboxylic dianhydride (PTCDA) thin films
and PTCDA/aluminium-tris-hydroxyqinoline sAlq3d multilayers by photoluminescence spectroscopy in the
temperature range from 10 to 300 K. The films are grown by organic molecular beam deposition on Si(001)
and Pyrex™ substrates at high vacuum. The obtained temperature dependence of the different recombination
channels arising from indirect Frenkel excitons, charge transfer excitons, excimers, and relaxed excited mono-
mers is compared to the recombination channels in single PTCDA crystals. A strong recombination band is
observed at 1.63 eV in PTCDA/Alq3 multilayers. This emission band is attributed to charge transfer transitions
between stacked PTCDA molecules that are compressed by strain fields within the PTCDA layers. This
assignment is supported by strain-dependent photoluminescence measurements on pure PTCDA films.
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I. INTRODUCTION
Thin films of organic semiconductors based on
p-conjugated molecules have attracted enormous interest be-
cause of various applications such as organic light-emitting
diodes (OLEDs),1–5 demonstrations of solar cells,6,7 and
field-effect transistors.8 However, despite recent improve-
ments in device performance, the microscopic understanding
of recombination processes in organic crystals and films is
still rather limited.
One of the most intensively used molecules to study the
influence of intermolecular interactions on the structural, op-
tical, and electronic properties in organic crystals is
3,4,9,10,- perylene tetracarboxylic dianhydride (PTCDA),
which crystallizes in the monoclinic space group C2h with
two nearly coplanar molecules in the unit cell.9,10 Two dif-
ferent crystalline modifications, a- and b-phase, are
known.11–14 For both phases, the molecules in a PTCDA
crystal form stacks that are parallel to the a-direction in the
crystal, which is the direction of growth of needle-like
PTCDA crystallites. The equal orientation of molecules
within all stacks results in a layered structure, with the mol-
ecules being parallel to the (102) plane with their long sym-
metry axis. Along the long symmetry axis, the molecules are
tilted by 11° with respect to the (102) plane.15,16 In thin films
grown on substrates like Ag(111),17 Au(111),18 and highly
oriented pyrolitic graphite,19 PTCDA is adsorbed in a “her-
ringbone” structure, with two molecules in each unit cell
almost perpendicular to each other and parallel to the sub-
strate surface. This arrangement of the molecules is similar
to the one in the (102) plane of a PTCDA crystal. The ten-
dency of PTCDA to form well ordered thin films makes it a
promising material for the fabrication of organic multilayers
with abrupt interfaces.
The optical bandgap of PTCDA thin films is defined by
the first absorption peak at 2.22 eV,20 which is due to the
highest occupied molecular orbital (HOMO) to lowest unoc-
cupied molecular orbital (LUMO) excitation which couples
to several molecular vibrations. The most strongly coupled
modes are almost degenerate and can be replaced by a single
internal effective mode, thus simplifying theoretical calcula-
tions. Recently, a theoretical model of various recombination
processes in a-PTCDA single crystals was developed,21,22
which is based on time-resolved photoluminescence (PL)
measurements that were performed in a temperature range
between 10 and 300 K. From the various recombination
times that were detected within the emission band, six dif-
ferent exciton emission channels could be isolated: A high-
energy emission band due to a relaxed monomer transition, a
pronounced indirect Frenkel exciton transition, two different
charge transfer transitions, and an excimer transition that be-
comes the dominant band at higher temperatures.
Despite the progress in thin-film growth techniques (e.g.,
the organic molecular-beam deposition (OMBD)9,23 or the
organic vapor-phase deposition24,25) many fewer systematic
photoluminescence investigations have been performed on
crystalline PTCDA films or PTCDA containing organic
multilayer structures so far.8,25–29 An interesting organic mol-
ecule for multilayer investigations is tris (8-hydroxy) quino-
line aluminum sAlq3d that has attracted much attention as a
superior material for OLEDs.1,3 Alq3 serves as the electron
transporting layer and is responsible for the emission of
light. PTCDA has been shown to serve as an efficient hole
injection layer in OLED structures.30,31 To produce low-cost
matrix displays, OLEDs with transparent top electrodes have
to be prepared. This is achieved by inverting the OLED
structure; i.e., depositing an indium tin oxide (ITO) anode by
sputter deposition onto the organic films. PTCDA has been
shown to withstand sputter deposition of ITO with minimal
degradation in its conducting properties,32 showing the po-
tential of PTCDA in such inverted structures.
In contrast to planar PTCDA molecules that result in
highly ordered polycrystalline layers, the propeller shaped
Alq3 molecules in general form amorphous films.33,34 It is
therefore of importance to investigate how the crystalline
structure of PTCDA films that are embedded in Alq3 layers
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changes compared to pure PTCDA films. In particular, dif-
ferent exciton emission channels can be strongly affected by
structural changes and generated strain fields within the
PTCDA layer. In addition, HOMO-LUMO offset measure-
ments using photoelectron spectroscopy35 indicate an inter-
molecular charge transfer transition (at 1.85 eV) at the
PTCDA/Alq3 interface. Such multilayer structures may be
used to modify the optical constants and the emission spec-
trum in organic devices.
In the present work we investigate the exciton emission in
OMBD-grown crystalline PTCDA films and PTCDA/Alq3
multilayers by temperature-dependent PL spectroscopy.
Since our investigations are focused on intrinsic film proper-
ties, the films are prepared on weakly interacting substrates
like Si with natural oxide surface or Pyrex™. The observed
emission bands from films and multilayers are compared to
recombination channels obtained from single PTCDA
crystals.21,22 The PL and absorption measurements are ac-
companied by structural investigations using x-ray diffrac-
tion and far infrared Fourier transform (FTIR) absorption
measurements.
II. EXPERIMENTAL DETAILS
The investigated PTCDA and Alq3 films as well as
PTCDA/Alq3 multilayers were grown by OMBD at room
temperature on chemically clean n-type (001) oriented Si
(resistivity: 1–5 V cm) and on amorphous Pyrex™ sub-
strates. The substrates were cleaned in an ultrasonic bath
using acetone, methanol, and ultrapure water. They were
then transferred into the high vacuum OMBD chamber with
a base pressure of 10−8 mbar. The PTCDA and Alq3 source
materials (Sigma Aldrich) were purified by sublimation un-
der high vacuum s10−6 mbard at temperatures of 300 and
210 °C, respectively, before they were filled into the Knud-
sen cells. During growth, the deposition rate was measured
using a quartz crystal thickness monitor that was calibrated
by different film thickness measurements using a profilome-
ter, optical ellipsometry, and absorption measurements. Typi-
cal deposition rates from the effusion cells are 0.01 nm/s at
temperatures of 320 and 230 °C for the PTCDA and Alq3,
respectively. Computer controlled mechanical shutters at the
Knudsen cells enable a nanometer thickness control of
PTCDA films and organic PTCDA/Alq3 multilayers.
A 50 W tungsten halogen lamp was used as light source
for transmission measurements of films and multilayers on
Pyrex™ substrates. In the PL measurements, the films were
either excited by frequency doubled 100 fs Ti/sapphire laser
pulses at 2.84 eV sl=436 nmd or by a cw solid-state laser at
2.33 eV sl=532 nmd. To avoid any structural damage in the
organic films, the average laser power was set below 0.1 mW
in all PL measurements. The absorption and PL spectra were
analyzed by a grating monochromator and a GaAs photomul-
tiplier. The spectral response of the entire detection system
was determined with blackbody radiation using a tungsten
halogen lamp with given emission spectra. Because of the
flatness of the spectral response in the PTCDA emission
range s1.5 to 2.2 eVd no spectral correction was applied to
the PL measurements. For variable temperature measure-
ments between 10 and 300 K, a closed-cycle He cryostat
(CTI-Cryogenics) was used. For strain-dependent PL mea-
surements, the PTCDA film on Si substrate was placed into a
uniaxial pressure cell where a metal piston is pressing the
sample against a sapphire window.
X-ray diffraction patterns of the PTCDA films and
PTCDA/Alq3 multilayers were collected using a Rigaku
DMAX-2000 diffractometer with Cu Ka1 radiation. The data
were recorded in u-2u scan mode at room temperature.
III. EXPERIMENTAL RESULTS AND DISCUSSION
A. PTCDA thin films
Figure 1 shows the PL spectra at 10 K of a 36 nm thick
PTCDA film grown on Si (001) for two different excitation
energies (2.84 and 2.33 eV) as indicated by vertical arrows.
In addition, the absorption spectrum of a 70 nm PTCDA film
on Pyrex™ is displayed revealing a narrow absorption band
at 2.22 eV that is attributed to a zero-vibron p-p* Frenkel
exciton transition.36 This 0-0 absorption line is followed by a
broad and slightly structured band centered at 2.53 eV,
which is attributed to Frenkel exciton transitions into higher
vibronic subbands. A more detailed investigation on
temperature-dependent absorption in PTCDA films37 as well
as a discussion about other absorption models will be given
elsewhere.38,39 For a better comparison, the two PL spectra
and the absorption spectrum are slightly offset to each other.
No significant changes in the PL spectrum are observed as
the excitation energy is changed from 2.84 eV on the high-
energy side of the p-p* absorption to 2.33 eV closer to the
narrow 0-0 exciton absorption band. Compared to the PL
obtained from single PTCDA crystals,21,22 the PTCDA film
shows a very similar PL structure; however, the whole emis-
sion is shifted to lower energies by approximately 20 meV.
A possible explanation for this redshift might be different
strain within the film40 and in the single crystals. Further-
more, the PTCDA film reveals a more pronounced high-
energy band at 1.95 eV compared to the PTCDA crystals.
From energetic reasons, this band cannot be attributed to a
FIG. 1. PL spectra of a 36 nm thick PTCDA film on Si(001)
excited at two different excitation energies (2.33 and 2.84 eV) in-
dicated as vertical arrows and absorption spectrum of a 70 nm thick
PTCDA film on Pyrex™ recorded at 10 K. The spectra are offset
for better comparison.
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relaxed monomer transition. Recent calculations41,42 show
that this transition might be assigned to a nonrelaxed charge
transfer exciton transition between stacked molecules in dif-
ferent unit cells, denoted as CT2-nr in what follows. Figure 2
demonstrates temperature-dependent PL spectra of the same
PTCDA film in 10 K steps. Again, the PL of the PTCDA film
shows a temperature dependence similar to that observed in
single crystals.21,22 With increasing temperature the high-
energy CT2-nr band and the dominating Frenkel exciton
emission strongly decrease. Above 50 K the relaxed charge
transfer transitions CT1 between molecules within the same
unit cell and relaxed CT2 between stacked molecules in dif-
ferent unit cells become the dominating emission bands.
Their temperature decrease is weaker compared to the
CT2-nr and the Frenkel exciton luminescence.
A more detailed analysis of these bands is shown in Fig. 3
for 20, 80, and 300 K, where we applied model calculations
that were developed for PTCDA single crystals. The asym-
metric Frenkel exciton emission, including vibronic progres-
sions of external and internal vibrational modes, is recon-
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Compared to the PL investigations on bulk PTCDA crystals,
the peak energies "v j of the Gaussian lines in PTCDA films
have been shifted by 26 meV to lower energies, while the
full widths at half-maxima (FWHM) ˛8 ln 2"s j as well as
the areas of the Gaussian functions aj were not changed. The
temperature dependence of the Gaussian broadening s j was
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where the different FWHM of the Gaussian functions s0j are
given by 69, 92, 104, 123, and 158 meV.16 The values of the
reorganization energy and frequency of internal modes aint
2
=0.29, vint=233 cm−1 were taken from Refs. 22 and 43 and
values of the external modes aext
2
=7.5 and vext=50 cm−1
were taken from Refs. 27 and 44. The parameters used for
the Frenkel exciton emission are summarized in Table I.
Each of the PL bands related to self-trapped excitons
(CT1, CT2, and excimer) is modeled as a sum of normalized
Gaussians with positions v j, broadenings s j, and areas aj, as
given in Eq. (1). However, the spacing between subsequent
positions v j now corresponds to one effective vibrational
mode energy "veff<160 meV, and the ratio of the areas aj
of the vibronic subbands are described according to Poisson
distributions.22 As for the Frenkel exciton emission, the
Gaussian center energies "v j have been shifted to lower en-
ergies by 26 meV, while the other parameters s j and aj were
kept the same as for the PTCDA single crystals. The
temperature-dependent broadenings s jsTd for the self-
trapped excitons are free fitting parameters that allow one to
interpolate the PL line shape between different temperatures.
Due to thermal expansion and an increased occupation of
higher vibrational subbands, all bands shift to higher ener-
gies with rising temperature, except for the excimer transi-
tion, which shows no noticeable temperature shift. In our
calculations we used the same blueshifts for the Frenkel ex-
citon and CT2 emission as given in Ref. 4, but we doubled
the blueshift of the CT1 emission in order to achieve a better
fitting with the experimental data. Finally, the high-energy
CT2-nr transition and an additional weak high-energy band
that occurs at high temperatures and is attributed to a relaxed
monomer transition were considered by a single Gaussian
function with transition energies "v j =1.944 and 2.05 eV.
The broadenings were set to ˛8 ln 2"s j =100 meV for both
lines. A blueshift of 6310−2 meV/K is introduced to the
1.944 eV band. All parameters used for the self-trapped ex-
citon emissions and high-energy transitions are summarized
in Table I.
FIG. 2. Temperature-dependent PL of a 36 nm thick PTCDA
film on Si(001) excited at 2.84 eV in the range 10 to 300 K in
10 K steps. The contributing emission channels are labeled.
FIG. 3. PL spectra of a 36 nm thick PTCDA film on Si(001)
excited at 2.33 eV obtained at temperatures 20, 80, and 300 K. The
experimental data is shown as open circles. Also shown are results
of model calculations. The individual emission channels are la-
beled, the resulting calculated PL spectrum is shown as a solid line.
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The agreement between the experimental results obtained
from the PTCDA thin film and the model calculations that
are based on earlier investigations on PTCDA crystals are
very good demonstrating the high structural and optical qual-
ity of our PTCDA films. The good structural quality is also
supported by x-ray measurements depicted in Fig. 4(a),
which show a completely symmetric a-PTCDA (102) reflex
with an a /b-PTCDA ratio of better 40:1 and a FWHM of
0.37° for the a-PTCDA reflex occurring at 2u=27.81°.
B. PTCDA/Alq3 multilayers
Figure 5 shows the PL spectra of a PTCDA/Alq3
multilayer structure grown on Si(001) comprising six alter-
nating PTCDA and Alq3 layers of 3 and 4 nm thickness,
respectively. The two PL spectra were recorded at 10 K at
different excitation energies (2.84 eV and 2.33 eV), as indi-
cated by vertical arrows. The absorption spectrum of the
multilayer on Pyrex™ is also shown. In comparison to the
absorption spectrum on pure PTCDA films the absorption
above 2.6 eV is slightly enhanced due to the onset of the
Alq3 absorption in these films. Correspondingly, the PL spec-
trum excited at 2.84 eV shows the Alq3 emission45,46 peak-
ing at 2.37 eV. The Alq3 emission is absent when the
multilayer is excited at 2.33 eV where Alq3 is transparent.
Besides the appearance of the Alq3 luminescence the
PTCDA emission is not affected by changing the laser exci-
tation energies. As for the PTCDA thin film, the PL spectra
and the absorption curve are offset to each other for better
TABLE I. Model parameters for all six emission channels. For each Gaussian function, the peak energies









Frenkel exciton 1 1.824 69 0.494 4.8310−2
2 1.774 92 0.506
3 1.674 104 0.336
4 1.604 123 0.183
5 1.504 158 0.150
CT1 1 1.819 92 1.000 7.8310−2
2 1.661 118 0.530
3 1.503 164 0.140
CT2 1 1.679 128 1.000 6.2310−2
2 1.525 160 0.400
Excimer 1 1.731 140 1.000 0
2 1.586 160 0.460
CT2-nr 1 1.944 100 1.000 6.0310−2
Monomer 1 2.05 100 1.000 0
FIG. 4. X-ray diffraction spectra (a) on a 70 nm thick PTCDA
film and (b) on a 63 fPTCDA 3 nm/Alq3 4 nmg multilayer. Both
structures were grown on Si(001). The solid and dashed lines show
Gaussian fits for a- and b-PTCDA (102) reflexes, respectively.
FIG. 5. PL spectra of a 63 fPTCDA 3 nm/Alq3 4 nmg
multilayer grown on Si(001) excited at two different excitation en-
ergies (2.33 and 2.84 eV) indicated as vertical arrows and absorp-
tion spectrum of the same multilayer grown on Pyrex™ recorded at
10 K. The spectra are offset for better comparison.
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comparison. While the CT2-nr and Frenkel exciton emission
lines are not energetically shifted and also have similar PL
intensities as compared to the PTCDA film, a closer look at
the low-energy emission shows a more pronounced and red-
shifted band. This observation becomes more obvious in
temperature-dependent PL measurements (excited at
2.84 eV) as demonstrated in Fig. 6. Above 40 K the low-
energy peak becomes the governing emission and remains
dominant up to 200 K. (The temperature dependence of the
Alq3 emission is treated in a forthcoming publication.47) As
for the PTCDA film, we applied model calculations on the
PTCDA/Alq3 multilayers for 20, 80 and 300 K (see Fig. 7),
where we kept the parameters given in Table I. To achieve a
satisfying agreement of the simulated data with the experi-
mental data an additional Gaussian line at "v j =1.63 eV,
with a FWHM of 100 meV and a blueshift of 4.0
310−2 meV/K had to be introduced. While the relative
weight of the CT2 emission channel is suppressed by the
introduction of the new line, the relative ratios and the over-
all temperature dependence of the Frenkel exciton and self-
trapped exciton emission bands are very similar compared to
the pure PTCDA film.
The appearance of the new channel in the PTCDA/Alq3
multilayers can have different reasons: The low-energy emis-
sion could be due to an interface transition at the multilayer
interface as indicated by x-ray photoelectron spectroscopy
measurements.35 Alternatively, the emission could be due to
the reabsorption of the Alq3 emission at the lowest PTCDA
absorption subband according to observations of a low-
energy Y-band, where a PTCDA film was excited at
2.2 eV.27,28 Furthermore, the low-energy emission could be
explained by structural changes and strain effects within the
crystalline PTCDA layers that are grown on amorphous Alq3
layers.
To decide which one of the above explanations is appro-
priate, we performed additional PL measurements on three
different samples that were grown on Si (001). The first
sample (A) is a pure PTCDA film of 10 nm thickness, the
second (B) is a 10 nm PTCDA thin film with a 2 nm thick
Alq3 layer on top, and the third (C) is a 10 nm thick PTCDA
film which was grown on a 2 nm thick Alq3 layer. The ob-
tained normalized PL spectra performed at 10 K are shown
in Fig. 8. While there is no difference in the emission from
samples A and B we obtain a clear appearance of a new line
in sample C. As observed in the multilayer structures, this
new line becomes the dominant emission band above 40 K
(not shown here), while the temperature dependence of
sample B is equal to the pure PTCDA film (sample A). Since
we have introduced a PTCDA/Alq3 interface in samples B
and C, a PTCDA/Alq3 interface transition cannot be the rea-
son for the low-energy emission line. Furthermore, since re-
absorption from the Alq3 film occurs in samples B and C,
this process is also not responsible for the occurrence of the
low-energy emission. Therefore, we conclude that structural
changes within the PTCDA films are the microscopic origins
for the appearance of the new emission band at 1.63 eV.
FIG. 6. Temperature-dependent PL of a 63 fPTCDA 3 nm/
Alq3 4 nmg multilayer on Si(001) excited at 2.84 eV in the range
10 to 300 K in 10 K steps. The contributing emission channels are
labeled.
FIG. 7. PL spectra of a 63 fPTCDA 3 nm/Alq3 4 nmg
multilayer on Si(001) excited at 2.33 eV obtained at temperatures
20, 80, and 300 K. The experimental data are shown as open
circles. Also shown are results of model calculations. The individual
emission channels are labeled; the resulting calculated PL spectrum
is shown as a solid line.
FIG. 8. Normalized PL spectra of a 10 nm PTCDA film on
Si(001) (sample A), a 10 nm PTCDA film on a 2 nm Alq3 layer on
Si (001) (sample B), and a 2 nm Alq3 layer on a 10 nm PTCDA
film on Si (001) (sample C) excited at 2.84 eV and recorded at
10 K. The spectra are offset for better comparison.
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For a more specific explanation of this structural change,
we performed x-ray diffraction measurements on the
multilayer samples [see Fig. 4(b)]. They show an
a /b-PTCDA ratio of 8:1 and reveal a significant broader
FWHM of 0.46° for the a-PTCDA (102) reflex. The broader
FWHM reflex indicates inhomogeneous strain inside the
PTCDA crystallites within the multilayer structure. In addi-
tion, far infrared absorption measurements performed with a
Fourier spectrometer show slightly more pronounced out-of-
plane vibrational modes at 733 and 809 cm−1 in
PTCDA/Alq3 multilayers than in pure PTCDA films,47 indi-
cating tilted PTCDA crystallites.48
In agreement to observations of Ref. 30, we conclude that
the crystalline a-phase is essentially not changed when the
PTCDA is embedded in Alq3. The individual PTCDA crys-
tals, however, are tilted with respect to the growth direction.
This tilt causes strain fields within the PTCDA film, where a
compressive component along the p-orbitals of stacked mol-
ecules significantly affects transition CT2. Due to the re-
duced distance between the stacked molecules the CT exci-
ton binding energy and the CT exciton formation probability
are increased causing a more pronounced emission line in the
PL spectrum. Correspondingly, the new emission line is at-
tributed to a strain-modified CT2 emission band with strong
asymmetric line shape due to the strain dependence of the
emission intensity. This interpretation also explains why the
fitting procedure using a weak “old” CT2 Gaussian line and
a strong “new” CT2 line led to a better agreement than the
use of one single redshifted Gaussian function that does not
address the strong asymmetry of the strain-modified emis-
sion band.
For further support of our interpretation, we performed
strain-dependent PL measurements on a 36 nm thick PTCDA
film at 10 K using a pressure cell that produces a uniaxial
strain up to about 1 kbar along the film growth direction. The
applied strain has been estimated from PL experiments on
sublimed PTCDA single crystals using a cryogenic diamond-
anvil cell.49 As demonstrated in Fig. 9, the low-energy CT2
emission slightly shifts to lower energy and increases its in-
tensity when uniaxial strain P1 (about 0.5 kbar) and higher
strain P2 (about 1 kbar) is applied to the PTCDA film. The
weaker redshift of the CT2 emission compared to the emis-
sion in PTCDA/Alq3 multilayers is attributed to strain inho-
mogeneities and missing in-plane strain components in these
measurements. Finally, Fig. 10 shows the PL spectra of the
32 nm PTCDA film at 20, 40, and 80 K that were recorded at
strain P1. As in the PTCDA/Alq3 multilayers, the low-
energy emission gains intensity relative to the Frenkel exci-
ton emission when the temperature is raised and becomes the
dominating band above 40 K, confirming our interpretation
of a strain-modified CT2 emission.
IV. SUMMARY
We studied the exciton emission in PTCDA thin films and
PTCDA/Alq3 multilayers performing temperature-
dependent PL measurements. The different recombination
channels arising from Frenkel excitons, charge transfer exci-
tons (CT1-nr, CT1, CT2), excimers, and relaxed excited
monomers that were observed earlier in PTCDA single crys-
tals also appear in PTCDA thin films and in PTCDA/Alq3
multilayers in a very similar way. However, in PTCDA/Alq3
multilayers an unknown low-energy line dominates the emis-
sion spectrum up to 200 K. This low-energy line appears if
the PTCDA film is grown on Alq3 while it disappears when
Alq3 is grown on PTCDA, demonstrating that the low-
energy line is not generated by the PTCDA/Alq3 interface
transition. Investigations of the structural properties of
PTCDA films and multilayers using x-ray diffraction and
FTIR absorption reveal an increase of out-of-plane disorder
of PTCDA molecules in the multilayer structure. This obser-
vation indicates the presence of tilted PTCDA crystallites
within the multilayer structure causing strain fields that affect
the CT2 transition between stacked PTCDA molecules.
Uniaxial strain-dependent PL measurements on pure PTCDA
films identify the dominating low-energy band observed in
PTCDA/Alq3 multilayers as a strain-modified charge-
transfer exciton transition CT2.
FIG. 9. Normalized PL spectra of a 36 nm PTCDA film on Si
(001) without and with applied uniaxial strains P1 and P2. sP2. P1d
The layer was excited at 2.33 eV and the spectra were recorded at
10 K.
FIG. 10. Temperature-dependent PL spectra of a 36 nm PTCDA
film on Si(001) with applied uniaxial strain. The layer was excited
at 2.33 eV and the spectra were recorded at 10, 40, and 80 K.
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